Noroviruses (NoVs) are considered to be a major cause of acute nonbacterial gastroenteritis in humans. The NoV genus is genetically diverse, and genotype GII.4 has been most commonly identified worldwide in recent years. In this study we analyzed the complete capsid gene of NoV strains belonging to the less prevalent genotype GII.2. We compared a total of 36 complete capsid sequences of GII.2 sequences obtained from the GenBank (n ‫؍‬ 5) and from outbreaks or sporadic cases that occurred in The Netherlands (n ‫؍‬ 10) and in Osaka City, Japan (n ‫؍‬ 21), between 1976 and 2005. Alignment of all capsid sequences did not show fixation of amino acid substitutions over time as an indication for genetic drift. In contrast, when strains previously recognized as recombinants were excluded from the alignment, genetic drift was observed. Substitutions were found at five informative sites (two in the P1 subdomain and three in the P2 subdomain), segregating strains into five genetic groups (and 2005). Only one amino acid position changed consistently between each group (position 345). Homology modeling of the GII.2 capsid protein showed that the five amino acids were located on the surface of the capsid and close to each other at the interface of two monomers. The data suggest that these changes were induced by selective pressure, driving virus evolution. Remarkably, this was observed only for nonrecombinant genomes, suggesting differences in behavior with recombinant strains.
Noroviruses (NoVs) are an important cause of acute nonbacterial gastroenteritis in adults and children worldwide (13) . NoVs are members of the family Caliciviridae, having a positive-sense single-stranded RNA genome. Their genome is organized into three open reading frames (ORFs). ORF1 encodes nonstructural proteins including the RNA-dependent RNA polymerase (RdRp), ORF2 encodes a major structural capsid protein including a shell (S) domain and a protruding (P) domain, and ORF3 encodes a minor structural protein (13, 18, 41) . The S domain forms the inner part (shell) of the viral capsid, and the P domain forms the arch-like structures that protrude from the virion. The P domain is further divided into P1 and P2 subdomains that correspond to the sides and the top of the arch-like capsomeres, respectively (13, 31) .
Based on the genetic analysis of the RdRp and capsid regions, human NoVs can be divided into three genogroups (Gs), GI, GII, and GIV (2, 14, 39) , which further segregate into distinct lineages called genotypes (2, 20, 36, 37) . Recently, Kageyama et al. (20) proposed that at least 31 genotypes could be distinguished within GI and GII. The GII.4 genotype, which is represented by the Lordsdale/93/UK strain, has been the most commonly identified genotype worldwide in recent years. Genetic characterization of strains belonging to this genotype have shown a sequence of variants that have arisen over time, suggesting that rapid genetic evolution of GII.4 NoVs may in part explain their successful spread and impact on people of all ages (5, 9, 27, 29, 30, 33, 40) .
Viruses belonging to other NoV genotypes are found less consistently, causing sporadic outbreaks or temporary epidemics in a limited geographic region or time period (5, 17, 23, 26) . As a result, far less is known about the population structure of these variants (28) . The genetic analysis of other genotype NoVs excluding GII.4 will improve our understanding of genetic evolution and its relevance for the epidemiology of NoVs.
During the spring of 2004, an epidemic of GII.2 NoV (which is represented by the Melksham/94/UK strain [Melksham] ) occurred in Osaka City, Japan. Our previous study of this regional epidemic described the molecular epidemiology of these GII.2 strains (17) . Here, we describe the genetic characterization of GII.2 strains from those outbreaks in comparison with viruses detected over a 12-year period in the GenBank, The Netherlands, and Japan.
MATERIALS AND METHODS

GII.2 strains.
A total of 36 NoV strains that had been characterized as GII.2 genotype were used for this study ( Table 1 ). The capsid sequence data for five GII.2 strains were obtained from the GenBank. Of these, the Melksham strain and the Chesterfield/434/1997/US strain (11, 29) have been characterized as belonging to the GII.2 genotype on the basis of RdRp as well as capsid regions. The Snow Mountain/76/US strain has been characterized as a recombinant NoV, with a distinct (non-GII.2) RdRp region and a GII.2 capsid region (4, 16) . The other two strains from the GenBank (Ina/02/JP and Buds/02/US) were characterized as GII.2 genotype on the basis of the capsid region, but their sequences of the RdRp region were unknown. The capsid sequence data of Buds/02/US strain lacked the first 6 nucleotides (nt) from the 5Ј end of the capsid gene. Twenty-one GII.2 strains were obtained from outbreaks or sporadic cases detected in Osaka City, Japan, between April 1996 and March 2005. These were 21 of the 23 GII.2 strains identified during a 9-year study period out of a total of 238 outbreaks and 200 sporadic cases of NoV infection. From the genetic analysis across the junction between the RdRp and the capsid regions, 6 of these 21 GII.2 strains have been characterized as recombinants, which have non-GII.2 RdRp regions and GII.2 capsid regions ( Fig. 1) (17) .
The strains from The Netherlands were collected from a 12-year study period. Between 1994 and 2005, GII.2 NoVs were detected in 13 (1.7%) out of 745 NoV-associated outbreaks and three sporadic cases in The Netherlands. Initially, these GII.2 NoVs were characterized by the comparison of sequences in the RdRp region ( Fig. 1 ). The detection method and criteria for genotyping at the RdRp region have been previously described (8, 36) . The complete capsid genes of 10 strains from eight outbreaks and two sporadic cases were amplified by reverse transcription-PCR (RT-PCR) and were used for this analysis.
Amplification and sequencing for the complete capsid gene of GII.2 strains. Viral RNA was extracted from stool suspensions by using a QIAamp viral RNA Mini kit (Qiagen, Hilden, Germany). RT-PCR was carried out with the reaction mixtures and enzymes as previously described (8) . RT was performed at 42°C for 2 to 3 h with reverse primer, N235Rex (17) , and enzyme was inactivated at 95°C for 5 min. PCR was performed using several pairs of PCR primers (Table 2) with a GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA) under the following conditions: denaturation at 95°C for 1 min; 40 cycles of 95°C for 15 s, 50°C for 30 s, and 72°C for 1 min; and a final cycle of incubation at 72°C for 5 min. When a PCR failed to produce strong products, we performed nested PCR. The amplified fragments were sequenced directly with a Big Dye terminator cycle sequencing kit and ABI 3700 sequencer (Applied Biosystems, Foster City, CA). The nucleotide sequences were determined in both orientations using the PCR primers. DNA sequences were edited using SeqManII (DNAStar Inc., Konstanz, Germany). Sequence analysis. Nucleotide or amino acid sequence alignments were performed with BioEdit (version 7.052) (15) , Clustal X (version 1.81) (35) , or MUSCLE (version 3.51) (10) . The extraction of the informative sites from nucleotide or amino acid sequence alignments was performed with ProSeq (version 2.91) (12) . The rate of change for different domains was compared using chi-square statistics. In this analysis, a site was designated as an informative site when at least two strains had an identical amino acid in the alignment that differed from the other sequences. A phylogenetic tree with 1,000 bootstrap replications was constructed by the neighbor-joining method, and the genetic distances were calculated according to the Kimura two-parameter method (21) . We performed additional phylogenetic analysis by the Bayesian method using MrBayes (version 3.1.2) (32). Location of specific domains of the GII.2 NoV capsid gene was done according to Chen et al. (7) . For computational predictions of the structure of the GII.2 NoV capsid protein, we used the X-ray crystal structures of the capsid protein of Norwalk/68/US (GI.1 genotype, Protein Data Bank identifier [PDB ID] 1IHM, consisting of a complete trimer) (31) and VA387/98/US (GII.4 genotype, PDB ID 2OBR, consisting of only a monomeric P domain) (6) as templates to build homology models. The sequence alignments for the structure and the three-dimensional (3D) models for GII.2 NoV capsid proteins were made by using the WHAT IF program (38) (24) . Nucleotide sequence accession numbers. The nucleotide sequences determined in this study have been deposited in the DDBJ/EMBL/GenBank with the accession numbers AB281081 to AB281090 (Table 1) .
RESULTS
Capsid gene sequence analysis of GII.2 strains collected over 30 years. Sequence data from a total of 36 GII.2 strains showed that the capsid gene was 1,629 nt long and coded for a protein of 542 amino acids. There were no deletions or insertions in the capsid gene among these strains collected over a 30-year period. Sequence comparison showed Ն83.6% nucleotide and Ն93.5% amino acid identities among these GII.2 strains. The phylogenetic tree based on the 1,629 nucleotide sequences of the complete capsid gene confirmed that all strains were characterized as GII.2 genotype (Fig. 2) .
Genetic analysis of GII.2 strains from a regional outbreak in Japan in the spring of 2004. Of the 21 GII.2 strains detected in Osaka City, Japan, 14 strains were detected in samples from cases in outbreaks or sporadic cases in the spring epidemic between March and May 2004 ( Table 1 ). These strains were closely related to each other (Ն99.2% nucleotide and Ն 99.1% amino acid identities). To find out if these viruses changed genetically during circulation in the community for a short period of time (about 3 months), the complete nucleotide and amino acid sequences of the capsid gene from these 14 GII.2 strains were compared. A total of 45 nucleotide substitutions were observed ( Table 3 ). The majority were third-base position changes (77.8%) and synonymous substitutions (82.2%). These nucleotide changes resulted in amino acid changes in eight codons, five of which were located in the P2 subdomain. In the alignment of the spring epidemic strains over the 3-month period, of the 45 nucleotide substitutions, only one nucleotide position was fixed (nt 594 in the S domain) at the end of this epidemic. This did not result in an amino acid change. All amino acid changes were sporadic. Eight of the 14 strains had an identical amino acid sequences (Table 1 ). Of these, strain 04038 was used for further genetic analysis.
Genetic analysis of all GII.2 strains collected between 1976 and 2005. The nucleotide and amino acid sequences of the complete capsid genes were compared for 29 GII.2 strains collected between 1975 and 2005 (30 years), excluding 7 GII.2 strains detected in Osaka City with identical amino acid sequences (10 strains from The Netherlands, 14 from Osaka City, and 5 from GenBank). A total of 488 nucleotide changes were observed (Table 4 ). Again, the majority of these were thirdbase changes (83.8%) and synonymous (85.9%). In total, 59 nucleotide changes resulted in amino acid changes (34 in the P2 subdomain) ( Table 4 ). Twenty-five of these were informative changes (19 in the P2 subdomain), but none appeared to be fixed in the genome over time. Of the 25 informative sites, the amino acid position 345 was the most variable ( Fig. 3) . Nevertheless, statistical analysis showed a significantly higher rate of mutation in the P2 subdomain than in P1 and S, suggesting selective pressure (P ϭ 0.0018, chi-square 5.63; and P Ͻ 0.0001, chi-square 12.9).
Genetic analysis of Melksham-like strains detected between 1994 and 2005. In order to understand the apparent discrepancy between selective changes in the P2 subdomain and the absence of fixation of these mutations, we repeated our anal- ysis after removing recombinant genomes from the alignment ( Table 5 ) (nucleotide and amino acid sequences of the complete capsid gene from 20 Melksham-like strains: 10 strains from The Netherlands, 8 from Osaka City, and 2 from GenBank). Sequence comparison showed Ն91.5% nucleotide and Ն97.4% amino acid identities among these Melksham-like strains. A total of 301 nucleotide changes were observed (Table 5), the majority of which were third-base changes (87%) and synonymous (88.7%). These nucleotide changes resulted in amino acid changes in 32 codons, half of which were located in the P2 subdomain. Twelve of 32 amino acid positions were informative (9 in the P2 subdomain) (Fig. 3) . In contrast with the previous finding, several mutations were fixed: of the 12 informative sites, 2 amino acid substitutions (amino acid positions 245 and 440) in the P1 subdomain and 3 amino acid substitutions (amino acid positions 342, 344, and 345) in P2 subdomain were cumulative (Table 6 ), segregating the strains into five genetic groups (1994 to 1997, 1999 to 2000, 2001 to 2003, 2004, and 2005) by the neighbor-joining method ( Fig.  2A) and Bayesian method (Fig. 2B ).The strains detected in the spring epidemic in Osaka City had a unique sequence, with S or P residues at amino acid position 364 ( Fig. 3 and Table 6 ). The other six informative sites were not fixed.
The 3D structure of the P domain of a monomer of the NoV capsid protein was predicted by WHAT IF, 3D-Jigsaw, and EsyPred3D, based on the known 3D structure of the VA387/ 98/US GII.4 genotype capsid protein, which has 55% amino acid sequence identity in the P domain to the Melksham capsid protein. A comparison of the positions of the six fixed mutations to the predicted 3D structure indicated that all six residues were predicted to be located at the surface of the capsid protein, with three residues (342, 344, and 345) close to each (7) . The region and abbreviation of each domain are as follows: N, 5Ј end of ORF2 and N terminal domain (residues 1 to 45); S, shell domain (residues 46 to 216); P1, P1 subdomain (P1-1, residues 217 to 274; P1-2, residues 421 to 542); P2, P2 subdomain (residues 275 to 420). other in the P2 subdomain ( Fig. 4 ). Furthermore, residues 342, 344, 345 of the P2 subdomain and residues 245 and 440 of the P1 subdomain were grouped closely together on the predicted 3D structure of a dimer (3D-modeling by WHAT IF) ( Fig. 5 ).
DISCUSSION
In this study, we analyzed the complete capsid gene of GII.2 NoVs collected over a 30-year period. The collection included a relatively large sample from an epidemic that was observed only in Japan in the spring period of 2004. In this 3-month period, no evolutionary changes were observed, but compared with other GII.2 Melksham-like strains these variants had unique amino acid sequences (S or P) at position 364. One of the recombinant genomes, strain 02022, had the same amino acid residues, suggesting that the presence of this mutation was not causally related to the epidemic pattern. The sequence analysis confirmed that the spring epidemic was an outbreak.
Molecular characterization of the GII.2 capsids over the full study period showed an interesting difference between recombinant genomes and nonrecombinant (Melksham-like) genomes. The Melksham-like strains clearly evolved over time, with accumulation of mutations particularly in the P2 subdomain. In contrast, GII.2 capsids from recombinant genomes did not fit this pattern and had a seemingly erratic pattern of mutations. Melksham-like strains are occasionally observed in molecular surveillance data from The Netherlands and Osaka (34) . For strain abbreviations, see Table 1 . City, and strains from Japan and The Netherlands could be consistently grouped in the same alignment, suggesting continuous widespread circulation and an ability to cause disease. The recombinant genomes with GII.2 capsids, however, occur sporadically and did not show evidence for evolution, suggesting that their circulation is limited (1, 4, 17) . The finding that strains from such widely separated geographic regions were similar shows that evolution of GII.2 NoVs is a global phe- A  GCC  A  GCT  A  GCA  L  CTC  CF434  US  1997  -CCC  -CAG  -GCT  -GCT  -GCA  -CTT  S99-191  NL  1/1999  S  TCT  -CAA  -GCC  T  ACT  -GCA  I  ATC  OB0037  NL  9/2000  S  TCT  -CAA  -GCC  T  ACT  -GCA  I  ATC  OB0048  NL  12/2000  S  TCT  -CAA  -GCC  T  ACT  -GCA  I  ATC  OB0115  NL  2/2001  S  TCT  H  CAC  -GCC  S  TCT  -GCA  I  ATC  EP0125  NL  11/2001  S  TCC  H  CAC  -GCC  S  TCT  -GCA  I  ATC  02012  JP  1/2002  S  TCC  H  CAC  -GCC  S  TCT  -GCA  I  ATC  EP0207  NL  1/2002  S  TCC  H  CAC  -GCC  S  TCT  -GCA  I  ATC  EP0239 NL nomenon, similar to what has been described for GII.4 NoVs (5, 27, 33) . The molecular characterization of Melksham-like strains showed accumulation of mutations over a 12-year period, segregating them into five genetic groups. Three of these were supported in phylogenetic analysis with high bootstrap values. Two others (Fig. 2, 1999 to 2000 and 2001 to 2003) were not distinguishable in phylogenetic analysis, possibly because of the small number of isolates in the comparison. The present collection, however, contains all GII.2 strains detected in the two countries in the past 12 years of surveillance. Amino acid position 345 was the most variable in all GII.2 strains. This is suggestive of immune pressure, particularly because the amino acid is predicted to be located on a surface-exposed part of the capsid. The fixed amino acid changes were topologically clustered, judging from the 3D structure prediction, indicating that combined they may form an epitope. Immunity to NoVs has not been studied very systematically, but recent work on GII.4 NoVs has suggested that these viruses evolved under immune pressure (9, 30, 33) . The lack of a tissue culture model makes it difficult to corroborate these findings by using cross-neutralization tests with hyperimmune serum directed against specific variants. Evolution of strains in an immunocompromised patient with chronic shedding of NoVs has been demonstrated by Nilsson et al. (28) , who suggested that the cumulative amino acid substitutions appearing in the P2 subdomain were immune response driven. To clarify the relations between these amino acid mutations and receptor or antibody binding further immunological studies are needed.
Recently, new variants of the predominant NoV, the GII.4 genotype, appeared in 2002 (27) , 2004 to 2005 (5), and 2006 (33) with global distribution. These new GII.4 variants were characterized into different clusters by the phylogenetic analysis based on the capsid gene (5, 9, 30) . Okada et al. (30) reported that GII.4 strains had cumulative amino acid changes in the P domain and 5% to 18% amino acid diversity in the P2 subdomain between GII.4 subtypes for 5 years study. Bull et al. (5) also described more than 5% amino acid diversity in the complete capsid gene between past GII.4 strains and variants. Siebenga et al. (33) found 9% fixed amino acid mutations across the capsid gene over a 12-year period, but only five of these consistently delineated subsequent epidemic strains. In contrast, here we found only 2.6% amino acid diversity across the complete capsid gene of Melksham-like strains in a 12-year period, showing a clearly lower rate of change. The difference between these genotypes is intriguing and suggests clear differences in epidemiology that are not easy to explain. This study has been done using a limited number of strains in a rare genotype from a limited number of locations. It is necessary to continue molecular surveillance of NoV infections to further the evolutional analysis of each genotype.
In conclusion, the present study showed that NoVs belonging to a rare genotype evolved by the accumulation of mutations in the surface-exposed parts of the capsid, suggesting immune response-driven evolution. The pattern of change similar to what has been observed for GII.4 is a global one, suggesting that these viruses circulate much more than is apparent from their presence in surveillance data. The data also showed for the first time that recombinant genomes of NoVs behave differently, even when they share the same capsid genes as nonrecombinant genomes. Understanding how NoVs evolve is necessary for finding more effective ways to control this disease and particularly its impact in healthcare settings.
